(COX-2)-derived PGE2 is critical for the integrity and function of renal medullary cells during antidiuresis. The present study extended our previous finding that tonicity-induced COX-2 expression is further stimulated by the major COX-2 product PGE2 and investigated the underlying signaling pathways and the functional relevance of this phenomenon. Hyperosmolality stimulated COX-2 expression and activity in Madin-Darby canine kidney (MDCK) cells, a response that was further increased by PGE2-cAMP signaling, suggesting the existence of a positive feedback loop. This effect was diminished by AH-6809, an EP2 antagonist, and by the PKA inhibitor H-89, but not by AH-23848, an EP4 antagonist. The effect of PGE2 was mimicked by forskolin and dibutyryl-cAMP, suggesting that the stimulatory effect of PGE2 on COX-2 is mediated by a cAMP-PKAdependent mechanism. Accordingly, cAMP-responsive element (CRE)-driven reporter activity paralleled the effects of PGE2, AH-6809, AH-23848, H-89, forskolin, and dibutyryl-cAMP on COX-2 expression. In addition, the stimulatory effect of PGE2 on tonicity-induced COX-2 expression was blunted in cells transfected with dominantnegative CRE binding (CREB) protein, as was the case in a COX-2 promoter reporter construct in which a putative CRE was deleted. Furthermore, PGE2 resulted in PKA-dependent phosphorylation of the pro-apoptotic protein Bad at Ser155, a mechanism that is known to inactivate Bad, which coincided with reduced caspase-3 activity during osmotic stress. Conversely, pharmacological interruption of the PGE 2-EP2-cAMP-PKA pathway abolished Ser155 phosphorylation of Bad and blunted the protective effect of PGE 2 on cell survival during osmotic stress. These observations indicate the existence of a positive feedback loop of PGE 2 on COX-2 expression during osmotic stress, an effect that apparently is mediated by EP2-cAMP-PKA signaling, and that contributes to cell survival under hypertonic conditions. cyooxygenase-2; prostaglandin E 2; osmoadaptation; apoptosis; survival factor THE INTERSTITIAL ENVIRONMENT of the renal medulla is characterized by extremely high interstitial osmolalities and low oxygen tension (34). Nevertheless, medulla-resident cells not only have the ability to survive in this hostile environment but also to function normally. This feature is of integral importance for maintaining the kidneys' function in regulating systemic electrolyte and fluid homeostasis.
cyooxygenase-2; prostaglandin E 2; osmoadaptation; apoptosis; survival factor THE INTERSTITIAL ENVIRONMENT of the renal medulla is characterized by extremely high interstitial osmolalities and low oxygen tension (34) . Nevertheless, medulla-resident cells not only have the ability to survive in this hostile environment but also to function normally. This feature is of integral importance for maintaining the kidneys' function in regulating systemic electrolyte and fluid homeostasis.
A characteristic feature of renal medullary cells is their high capacity for production of prostaglandins (PG) (4) . PGs are autacoids acting close to their site of formation and contribute essentially to the regulation of tubular solute and water reabsorption and adjusting medullary blood flow to metabolic requirements (12, 32, 34) . Moreover, PGs promote the adaptation of renal medullary cells to high extracellular osmolalities by virtue of enhancing the expression of osmoprotective genes (29, 35, 37) . The formation of PGs depends on the sequential action of cytosolic phospholipase A 2 (cPLA 2 ), which releases arachidonic acid from membrane phospholipids, and cyclooxygenase (COX) (30) . The direct metabolite of arachidonic acid formed by COX is PGH 2 , which is then converted to various biologically active prostanoids. At least two different COX isoforms have been described; these share the same enzymatic properties but differ substantially in their amino acid sequence and mode of regulation. In contrast to most other tissues, COX-2 is expressed constitutively in the renal medulla, is further upregulated during dehydration, and is assumed to account for the majority of prostanoids formed in the renal medulla under this condition (7, 49) . Among the various prostanoids, PGE 2 accounts quantitatively for the vast majority of PGs formed in the renal medulla (4) . Four PGE 2 receptor subtypes, designated EP1 to EP4, mediate the biological effects of PGE 2 . Activation of EP1 causes mobilization of Ca 2ϩ , while EP3 is coupled to G ␣i , thereby inhibiting intracellular cAMP formation (31) . Both EP2 and EP4 are linked to G ␣s , which results in enhanced cAMP levels upon receptor stimulation (31) .
In the renal papilla in vivo, COX-2 is robustly induced by arginine vasopressin (AVP) administration as well as by dehydration, and COX-2 abundance closely correlates with urine osmolality (49, 51) . Further studies have demonstrated that the enhanced expression of COX-2 during antidiuresis is not mediated directly by AVP but occurs secondarily in response to a rise in medullary interstitial tonicity (49, 51) . In contrast to other osmosensitive genes, COX-2 is not regulated by tonicityresponsive enhancer binding protein/nuclear factor of activated T cells 5 (TonEBP/NFAT5), which drives the expression of several genes required for both efficient urinary concentration and osmoadaptation of renal medullary cells (46) . The importance of enhanced COX-2 expression and PGE 2 production under hypertonic conditions is underscored by the fact that COX-2 induction precedes that of other osmoprotective genes during osmotic stress (37) . Consistent with this notion, diminished COX-2 expression or selective inhibition of COX-2 is associated with damage of renal medullary cells in vivo and in vitro following a rise in ambient tonicity (13, 29, 35) . Thus the rapid induction of COX-2 and subsequent production of PGE 2 appears to be of critical importance for efficient osmoadaptation of renal medullary cells. In the renal papilla in vivo, interstitial tonicity may increase two-to threefold within 2-4 h after acute stimulation of the urinary concentrating mechanism (1) . Comparable increases in osmolality, however, cause apoptosis in cultured medullary cells, while PGE 2 confers protection when added to the medium (25, 37) . PGE 2 has been demonstrated to exert anti-apoptotic effects, which are mediated by EP2 and EP4 receptors, in various cell types (2, 6, 42) .
We have previously observed that PGE 2 enhances the expression of various osmoprotective genes and, interestingly, also that of COX-2 under hypertonic conditions, suggesting the existence of a positive feedback loop. This is consistent with a previous study by Sonoshita et al. (41) who demonstrated stimulation of COX-2 expression in an EP2 receptor, PKAdependent manner in a murine intestinal polyposis model (41) . It thus appears possible that PGE 2 potentiates the induction of COX-2 during osmotic stress in an auto-/paracrine manner, thereby further increasing PGE 2 production in a positive feedback loop. This mechanism would, in turn, favor cell survival by antagonizing pro-apoptotic signaling pathways that are activated during acute osmotic stress. The aim of the present study was thus to extend our previous findings with focus on the signaling pathways and to address the functional significance in Madin-Darby canine kidney (MDCK) cells as a model system for renal medullary cells.
METHODS
Cell culture and experimental protocol. MDCK cells were obtained from the American Type Culture Collection (ATCC; CCL 34). The cells were grown under standard conditions in Dulbecco's Modified Eagles Medium (DMEM) (low glucose) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. For experiments, the cells were plated in 80-mm, 35-mm (Greiner, Frickenhausen, Germany), or 24-well plates (Nunc, Roskilde, Denmark). After confluence was reached, medium tonicity was increased to the indicated final osmolality by adding the required volume of 4 M NaCl drop by drop to the dishes. To achieve a quasilinear, gradual increase in the medium tonicity, the latter was elevated in 10 steps of 40 mosmol/ kgH 2O each over a period of 4 h to a final osmolality of 700 mosmol/kgH2O. In experiments with pharmacological inhibitors, the respective compound was added at the indicated concentration from concentrated stock solutions 30 min before tonicity increase, or, as a control, the same volume of vehicle was added. Stock solutions were prepared as following: AH6809 (10 mM in DMSO; Sigma, Schnelldorf, Germany), AH23848 (30 mM in DMSO; Sigma), and H-89 (20 mM in DMSO; Sigma). In experiments with PGE 2 (10 mM stock in ethanol; Sigma), forskolin (1 mM stock in ethanol; Sigma), or dibutyryl-cAMP (1 M stock in H 2O; Roche Diagnostics, Indianapolis, IN), the respective agonist or the same volume of vehicle was added at the time of tonicity increase.
Western blot analysis. For detection of COX-2 and actin, cells were washed with ice-cold PBS and lysed in 8 M urea-PBS (75 l/35-mm plate) and centrifuged at 13,000 g for 15 min at 4°C. For immunodetection of Bad and phospho-Bad-Ser155, the cells in 35-mm dishes were washed with ice-cold Tris-buffered saline (TBS), incubated for 5 min on ice in 50 l lysis buffer containing (in mM) 20 Tris ⅐ HCl, pH 7.5, 150 NaCl, 1 EDTA, 1 EGTA, 1% (vol/vol) Triton X-100, 1% (vol/vol) broad spectrum protease inhibitor cocktail (Sigma), and 1% (vol/vol) phosphatase inhibitor cocktail 2 (Sigma). Thereafter, the cells were collected with a rubber policeman, sonicated four times for 5 s on ice, and centrifuged at 13,000 g for 10 min at 4°C.
Protein concentration in the supernatants was determined using a commercially available assay (Bio-Rad, Hercules, CA) and aliquots of 20 g (COX-2, actin) or aliquots of 80 g (Bad, phospho-Bad) of protein were separated on 10% (COX-2, actin) or 12% (Bad, phosphoBad) SDS gels and subsequently transferred to nitrocellulose membranes (Hybond; Amersham, Freiburg, Germany). For COX-2 and actin staining, nonspecific binding sites were blocked by incubation in blocking buffer (5% nonfat dry milk in PBS containing 0.1% Tween-20). COX-2 abundance was determined by incubation with rabbit polyclonal anti-COX-2 antibody (1:5,000 in blocking buffer; Cayman Chemicals, Ann Arbor, MI) at 4°C overnight. Actin was stained by incubation with rabbit polyclonal anti-actin antibody (1:5,000 in blocking buffer; 1 h at room temperature; Sigma). Expression of EP2 and cAMP responsive element (CRE) binding (CREB) was monitored by rabbit polyclonal anti-EP2 (1:1,000 in blocking buffer; Santa Cruz Biotechnology;) and by rabbit polyclonal anti-CREB (1:1,000 in blocking buffer; Cell Signaling Technology). Subsequently, the membranes were incubated for 1 h with horseradish peroxidase -conjugated goat anti-rabbit antibody (1:5,000; Jackson Immuno-Research, West Grove, PA) at room temperature. Finally, immunocomplexes were detected by enhanced chemiluminescence (Pierce, Rockford, IL) and signals quantified using Image J software (NIH, Bethesda, MD). For staining of Bad and phospho-Bad, the membranes were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween-20 at room temperature for 1 h, washed 3ϫ for 5 min in TBS-0.1% Tween-20, and incubated with the respective antibody in 5% BSA in TBS-0.1% Tween-20 at 4°C overnight. Total Bad protein and Bad phosphorylated at Ser155 were detected using polyclonal rabbit anti-Bad antibody (1:1,000; Cell Signaling Technology) and polyclonal anti phospho-Bad-Ser155 antibody (1:1,000; Cell Signaling Technology), respectively. Incubation with secondary antibody and detection procedures were performed as described above.
Northern blot analysis. Cells were lysed by adding TriFast reagent (1 ml/85 mm dish; PeqLab, Erlangen, Germany), and total RNA was isolated according to the manufacturer's recommendations. Aliquots (20 g) were separated on 1.0% agarose-formaldehyde gels, transferred to nylon membranes (Roche, Mannheim, Germany), and immobilized by UV crosslinking. Relative abundance of the respective mRNAs was monitored by hybridization with biotin-labeled cDNA probes specific for COX-2 and human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as described in detail previously (37) . After hybridization, the membranes were washed twice with 2ϫ SSC-0.1% SDS at room temperature and twice with 1ϫ SSC in 0.1% SDS at 50°C. Nonradioactive detection procedures were performed using a commercially available kit (Pierce, Rockford, IL) according to the manufacturer's protocol. Band intensity was quantified using Image J software, and COX-2 mRNA abundance was normalized to that of GAPDH to correct for differences in RNA loading.
Reporter gene assays. To monitor activation of potential signaling pathways, MDCK cells were transfected stably with appropriate reporter constructs based on secreted alkaline phosphatase (SEAP; Clontech, Palo Alto, CA). (1) In pCRE-SEAP (Clontech), expression of SEAP is under control of a CRE; (2) In pNF-B-SEAP (Clontech), transcription of SEAP is driven by an nuclear factor (NF)-B site (3); pTonE-SEAP is controlled by a tandem tonicity-responsive element (TonE) motive and was constructed as described previously (37) . MDCK cells in 85-mm dishes were transfected with 20 g DNA at a 20:1 molar ratio of the respective SEAP construct and pcDNA3-LacZ (Invitrogen, Karlsrühe, Germany) as described in detail elsewhere (37) . After the selection with 600 g/ml geneticine (Sigma), 24 clones for each construct were expanded and assayed for inducible reporter gene expression after stimulation with 20 M forskolin (pCRE-SEAP), 10 ng/ml tumor necrosis factor-␣ (pNF-B-SEAP), or by adding an additional 100 mM NaCl to the medium (pTonE-SEAP). Clones with highly inducible SEAP expression were pooled and used in experiments at passages 3-10.
In reporter assays, the cells were seeded in 24-well plates. After reaching confluence, the medium containing geneticine was replaced by DMEM without phenol red lacking geneticine, and the cells were treated as indicated. After 24 h, 50 l medium was transferred to a 96-well plate that was sealed and incubated in a water bath at 65°C for 30 min to inactivate endogenous alkaline phosphatase activity. For SEAP detection, 150 l p-nitrophenyl phosphate liquid substrate (Sigma) was added, and samples were incubated at room temperature for appropriate periods. Finally, SEAP activity was assessed at 405 nm in a microplate reader.
Generation of MDCK cells expressing dominant-negative CREB.
For disruption of intracellular cAMP-PKA signaling, MDCK cells were transfected with the plasmid pCMV-KCREB (Clontech), encoding a mutant variant of the human CREB protein that contains mutations in the DNA-binding domain, which forms dimers with endogenous CREB and blocks the ability of endogenous CREB to bind to CRE (45) . Transfections were performed using the calcium phosphate method as previously described (36) . After selection of stable clones with 800 g/ml geneticine, 24 clones obtained for each vector construct were expanded and further characterized. To identify MDCK cell clones with significant repression of PKA signaling, each clone was transiently transfected with a CRE-driven reporter construct (pCRE-SEAP; Clontech), followed by stimulation with forskolin (20 M) for 24 h. From the 24 clones initially obtained in cells transfected with pCMV-KCCREB, 3-4 showed strongly reduced response to forskolin; these were pooled and used in further experiments. Pooled clones transfected with wild-type CREB were used as controls. For transient transfection assays, a total of 4 ϫ 10 6 exponential MDCK cells were electroporated with 40 g of the respective plasmids in 400 l HEPES-buffered saline at 300 V and 950 F in a 4-mm cuvette, using a Bio-Rad Gene Pulser Xcell apparatus.
Determination of COX activity. COX activity in cell lysates was determined using a commercially available COX activity assay kit (Cayman Chemicals). The measurement is based on the detection of the peroxidase activity of COX, which is monitored colorimetrically by the formation of oxidized N, N, NЈ, NЈ-tetramethyl-p-phenylendiamine (TMPD) at 620 nm. Briefly, cells were washed with ice-cold TBS, harvested in 200 l TBS containing 1 mM EDTA and 1% (vol/vol) broad-specificity protease inhibitor cocktail (Sigma), and lysed mechanically by repeated vigorous passage through a 26-gauge needle. After centrifugation at 13,000 g for 15 min at 4°C, COX activity was determined in equal volumes of the supernatant according to the manufacturer's protocol. To discriminate between COX-1 and COX-2 activity, each sample was compared with a corresponding one containing an isoenzyme-specific inhibitor for COX-1 (SC-560, 330 nM), and COX-2 (DuP-697, 300 nM), respectively. Subsequently, COX activity was normalized to the protein concentration in the cell lysate (expressed as U/g protein).
PGE 2 measurement. PGE2 concentrations in 100-l medium aliquots were determined using a commercially available assay (PGE2 EIA Kit; Cayman Chemicals) according to the manufacturer's protocol. Plates were read at 405 nm in a plate reader, and PGE 2 concentrations were determined from the standard curve.
COX-2 promoter activity assay. For construction of a canine COX-2 reporter vector, genomic DNA from MDCK cells was used as template. The 5'-flanking region reaching from bp Ϫ825 to ϩ1 of the canine COX-2 gene was amplified by PCR, using primers 5Ј-GGT-GGCCAAAGTGGTGAA-3Ј (sense) and 5Ј-AGACGCTCGCTGC-AAGTT-3Ј (antisense), and subcloned into the pJET vector by use of the CloneJET PCR Cloning Kit (Fermentas, St. Leon-Rot, Germany) according to the manufacturer's recommendations. The resulting plasmid pJET-COX-2-Promoter was cut with NcoI, blunted with T4 DNA polymerase, and subsequently cut with XhoI to mobilize the fragment containing the COX-2 promoter region, which was subcloned into the Fig. 1 . Effect of prostaglandin E2 (PGE2) on tonicity-induced cyclooxygenase-1 (COX-2) expression. Madin-Darby canine kidney (MDCK) cells were incubated in isotonic (iso, 300 mosmol/kgH2O) or hypertonic medium (500 mosmol/kgH2O by NaCl addition, NaCl) in the presence of 1, 5, 10, and 20 M PGE2, or only vehicle ethanol (vehicle). A: COX-2 mRNA abundance was assessed after 6 h incubation by Northern blot analysis. COX-2 mRNA expression was normalized to that of GAPDH. Representative blots are shown. Values are means Ϯ SE for n ϭ 3. *PϽ0.05 vs. NaCl and NaClϩvehicle. B: COX-2 protein expression was determined after 24 h by Western blot analysis. To demonstrate equal protein loading, the membranes were also stained for actin. Representative blots are shown. Values are means Ϯ SE for n ϭ 4 -10.; *P Ͻ 0.05 vs. NaCl and NaClϩvehicle.
pSEAP-basic vector (Clontech), using restriction sites XhoI and NruI. The sequence of the resulting plasmid pSEAP-COX-2-Promoter, containing the COX-2 promoter fragment (bp Ϫ825 to ϩ1) upstream of a secreted alkaline phosphatase reporter gene, was verified by sequencing. A computer-based analysis of the COX-2 promoter region using the TESS algoritm (www.cbil.upenn.edu/cgi-bin/tess) revealed a putative CRE site at bp Ϫ78 to Ϫ74 (5Ј-CGTCA-3Ј) in the COX-2 promoter region. This site was deleted from the plasmid pSEAP-COX-2-Promoter of the first four nucleotides (CGTC) using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The primers for the mutagenesis were 5Ј-GTGGAAAGA-AACAGTCATG*ACGTGGGCTTAGTTATCAT-3Ј (sense) and 5Ј-ATGATAACTAAGCCCACGT*CATGACTGTTTCTTTCCAC-3Ј (antisense; the * marks the position where the four nucleotides were deleted). The mutagenesis of the CRE site was verified by sequencing the resulting plasmid pSEAP-COX-2 Promoter-CRM. MDCK cells were transfected with pSEAP-COX-2-Promoter and pSEAP-COX-2 Promoter-CRM using Lipofectamine (Invitrogen, Carlsbad, CA) according to the manufac- Fig. 2 . Effect of PGE2 on COX-2 expression under iso conditions and following a gradual tonicity increase. A: MDCK cells were exposed to iso medium (300 mosmol/kgH2O) in the presence of 20 M PGE2 (isoϩPGE2) or vehicle ethanol (isoϩvehicle). The membrane was reprobed for GAPDH to demonstrate comparable mRNA loading. Representative blots including four independent experiments are shown. B: MDCK cells were exposed to iso medium (300 mosmol/kgH2O) or to medium in which the osmolality was raised quasilinearly and gradually to 700 mosmol/kgH2O over a period of 4 h by repeated addition of NaCl in presence of PGE2 (NaClϩPGE2) or vehicle ethanol (NaClϩvehicle). After an additional 6 h, COX-2 mRNA expression was determined by Northern blot analysis. The signal for COX-2 was normalized to GAPDH to correct for differences in RNA loading. Values are means Ϯ SE for n ϭ 4. *P Ͻ 0.05 vs. iso; #P Ͻ 0.05 vs. NaClϩvehicle; Representative blots are shown. Fig. 3 . Time course of COX-2 expression following osmotic stress. MDCK cells were exposed to hypertonic medium (500 mosm/kgH2O by NaCl addition) for the indicated periods in the presence of 5 M PGE2 (NaClϩPGE2) or only vehicle ethanol (NaClϩvehicle). A: COX-2 mRNA abundance was determined by Northern blot analysis. COX-2 mRNA expression was normalized to that of GAPDH to correct for differences in RNA loading. Representative blots from two independent experiments are shown. B: COX-2 protein expression was determined by Western blot analysis. The membranes were also stained for actin to demonstrate equal protein loading. Representative blots are shown. Values are means Ϯ SE for n ϭ 4. *P Ͻ 0.05 vs. NaClϩvehicle.
turer's recommendations. Reporter gene assays were performed as described above.
Determination of caspase-3 activity. Caspase-3 activity was assessed using an assay based on the cleavage of a synthetic p-nitroanilineconjugated caspase-3 substrate (Asp-Glu-Val-Asp; CaspACE Assay System; Promega, Madison, WI). The cells were treated as indicated, subsequently washed with ice-cold PBS, and disrupted by the addition of 100 l lysis reagent (Promega) per 35-mm dish, followed by three freeze-thaw cycles. After centrifugation at 13,000 g for 20 min at 4°C, activity of caspase-3 was measured according to the manufacturer's recommendations using 20 l supernatant. Caspase-3 activity was determined by increase in A 405 and was normalized to the protein concentration of the cell lysates. Relative caspase-3 activity is expressed as picomoles p-nitroaniline liberated per microgram protein in 1 h.
Immunohistochemistry. All experiments were conducted in accordance with German federal laws relating to animal experimentation. The kidneys of male Wistar rats (200 -250 g) were cut into 2-mm slices along the cortico-medullary axis, fixed overnight in 4% paraformaldehyde in phosphate buffer, embedded in paraffin, and cut into 4-m-thick sections. After pretreatment in a microwave for 3 ϫ 5 min, endogenous peroxidase activity was blocked with 3% H 2O2 for 10 min. Thereafter, the sections were rinsed with PBS, and nonspecific binding sites were blocked by incubation with 3% goat serum in PBS for 30 min at room temperature. Subsequently, sections were incubated with rabbit polyclonal COX-2 antiserum (Cayman Chemicals), diluted 1:600 in PBS overnight at 4°C, and subsequently with secondary biotin-conjugated goat anti-rabbit antiserum (1:200 in 3% goat serum in PBS). Immunocomplexes were visualized using an ABC-detection kit according to the manufacturer's protocol (Vectastain; Vector Laboratories) with diaminobenzidine tetrahydrochloride-0.1% H 2O2 in PBS as chromogenous substrate. Finally, the sections were counterstained with hemalaun and mounted. In negative controls, the primary antibody was omitted.
Presentation of data and statistical analysis. Data are presented as means Ϯ SE. The significance of differences between means was determined using Student's t-test, or ANOVA for multiple comparisons. P Ͻ 0.05 was regarded as significant.
RESULTS

Effect of PGE 2 on tonicity-induced COX-2 expression.
The present study addressed the hypothesis that PGE 2 affects the expression of COX-2 via a feedback mechanism under hypertonic conditions and investigated the signaling pathways and functional consequence of this putative feedback loop in closer detail. In the first step, the time course of tonicity-induced COX-2 expression and the effect of PGE 2 were assessed. As demonstrated in Fig. 1 , adding PGE 2 under hypertonic conditions caused an increase in COX-2 mRNA (Fig. 1A) and protein (Fig. 1B) levels. This effect became evident at PGE 2 concentrations of 5 M and higher. Therefore, in the following experiments, the lowest effective PGE 2 concentration, i.e., 5 M, was used. Adding PGE 2 to isotonic medium at even high concentrations (i.e., 20 M) failed, however, to elicit any effect on COX-2 expression (Fig. 2A) . In addition, the stimulatory effect of PGE 2 on COX-2 induction was also evident after raising the medium tonicity quasilinearly and gradually over several hours as occurs in the kidney in vivo following stimulation of the urinary concentrating mechanism (Fig. 2B) . Figure 3 shows the time course of COX-2 induction in response to osmotic stress in the absence and presence of PGE 2 . COX-2 mRNA (Fig. 3A) and protein (Fig. 3B ) levels were increased transiently, reaching a maximum after 6 and 24 h after elevating the medium tonicity, respectively. COX-2 induction was potentiated substantially in the presence of PGE 2 in the hypertonic medium.
Effect of PGE 2 on COX-2 activity. To assess whether the observed changes in COX-2 expression on mRNA and protein Fig. 5 . Effect of cAMP signaling on PGE2 production under hypertonic conditions. MDCK cells were kept in iso medium (300 mosmol/kgH2O) or in hypertonic medium (500 mosmol/kgH2O by NaCl addition) in the presence of 1 mM dibutyryl-cAMP or vehicle PBS (vehicle). After 24 h, PGE2 concentration in the medium was determined as described in METH-ODS. Values are means Ϯ SE for n ϭ 4. *P Ͻ 0.05 vs. iso; #P Ͻ 0.05 vs. NaClϩvehicle. Fig. 4 . Effect of PGE2 on COX activity under hypertonic conditions. A: MDCK cells were kept in iso medium (300 mosmol/kgH2O) or in hypertonic medium (500 mosmol/kgH2O by NaCl addition) in the presence of 5 M PGE2 (PGE2) or vehicle ethanol (vehicle). In some experiments, the cells were pretreated with H-89 (20 M) before addition of 5 M PGE2 under hypertonic conditions (PGE2ϩH-89). After 24 h, COX-2 activity was determined as described in METHODS. Values are means Ϯ SE for n ϭ 3-4. §P Ͻ 0.05 vs. iso; *P Ͻ 0.05 vs. NaCl and NaClϩvehicle; #P Ͻ 0.05 vs. NaClϩPGE2. B: COX isoform activity from cells kept in hypertonic medium (500 mosmol/kgH2O) in the presence of 5 M PGE2 was assessed by addition of an iso-enzyme specific inhibitor for COX-1 (SC-560) and COX-2 (DuP-697), respectively, to differentiate COX-1 from COX-2 activity. Values are means Ϯ SE for n ϭ 4. *P Ͻ 0.05 vs. SC-560. levels are paralleled by alterations in enzyme activity, the latter was determined in cell lysates under the conditions shown in Fig. 4A . COX activity was increased significantly by hypertonicity and was further elevated significantly by PGE 2 , an effect that was diminished by the protein kinase A (PKA) inhibitor H-89.
Addition of the specific COX-2 inhibitor DuP-678 reduced total COX activity in the samples by about 60% (Fig. 4B) , whereas the selective COX-1 inhibitor SC-560 had only marginal effects, indicating that COX-2 is the major COX isoform accounting for COX activity during osmotic stress and that PGE 2 stimulates COX-2 activity during osmotic stress. To address whether a rise in cellular ionic strength may reduce COX-2 activity under hypertonic conditions, the assay buffer was adjusted with KCl to intracellular levels as observed during osmotic stress. We observed, however, no significant changes in COX activity in this approach, suggesting that an increase in cellular ionic strength does not significantly modulate COX activity (not shown).
To directly address whether the proposed PGE 2 -cAMP pathway stimulates PGE 2 production, PGE 2 concentration in the medium was measured from MDCK cells incubated under isotonic conditions or under hypertonic conditions in the presence or absence of the cAMP mimetic dibutyryl-cAMP. As demonstrated in Fig. 5 , osmotic stress increased PGE 2 release severalfold, which was further more than doubled by the addition of dibutyryl-cAMP. The reason why COX activity as measured in the activity assay does not increase to the same extent as PGE 2 production is unknown; however, this phenomenon may be due to the fact that COX activity is determined in cell lysates using an in vitro assay, which may not reflect accurately the environment inside of intact cells.
Signaling pathways involved in stimulation of COX-2 induction by PGE 2 . The next aim was to investigate potential signaling pathways for the observed positive feedback effect of PGE 2 on COX-2 expression during osmotic stress. Preliminary experiments indicated that a cAMP-dependent mechanism is involved. This is inferred from the observation that PKA inhibition drastically reduced cell survival during osmotic stress and the fact that PGE 2 substantially improves cell viability under hypertonic conditions, suggesting a mechanism that involves signaling through EP2 and/or EP4 receptors. This would be consistent with previous findings demonstrating stimulation of COX-2 expression in an EP2 receptor, PKA- Fig. 6 . Signaling pathways involved in PGE2-mediated COX-2 stimulation during osmotic stress. MDCK cells were incubated in isotonic medium (300 mosmol/kgH2O) or in hypertonic medium (500 mosmol/kgH2O by NaCl addition). Where indicated, the cells were exposed to 5 M PGE2 (PGE2) or vehicle ethanol (vehicle) under hypertonic conditions. In experiments with pharmacological inhibitors, the cells were pretreated with 30 M AH-23848 (PGE2ϩAH-23848), 10 M AH-6809 (PGE2ϩAH-6809), or 20 M H-89 (PGE2ϩH-89), respectively, before adding PGE2. In some experiments, the cells were treated with 10 M forskolin (forskolin) or 1 mM dibutyryl-cAMP (dibutyryl-cAMP) under hypertonic conditions as indicated. A: COX-2 mRNA was determined after 6 h incubation by Northern blot analysis. COX-2 mRNA abundance was normalized to that of GAPDH. Representative blots are shown. Values are means Ϯ SE for n ϭ 2. B: after 24 h incubation, COX-2 protein expression was assessed by Western blot analysis. To demonstrate equal protein loading, the membranes were also stained for actin. Representative blots are shown. Values are means Ϯ SE for n ϭ 5-10. *P Ͻ 0.05 vs. NaCl; #P Ͻ 0.05 vs. PGE2. C: expression of EP2 and CREB in MDCK cells under iso or hypertonic conditions (NaCl). Representative blots are shown. dependent manner in a murine intestinal polyposis model (41) , and prosurvival effects of PGE 2 following UVB irradiation, which were mediated by EP2 and/or EP4 receptors (6, 16) . To address this issue during osmotic stress, MDCK cells were pretreated with the EP2 receptor antagonist AH-6809 or the EP4 antagonist AH-23848 before increasing the medium tonicity in the presence of PGE 2 . As shown in Fig. 6 , AH-6809 diminished the stimulatory effect on COX-2 induction at the mRNA (Fig. 6A) and protein (Fig. 6B ) level, whereas no significant effect was evident in the presence of AH-23848. Accordingly, forskolin, an activator of adenylate cyclase, and the cAMP mimetic dibutyryl-cAMP mimicked the stimulatory effect of PGE 2 on COX-2 expression, thus supporting the notion that this effect is mediated by an EP2-dependent increase in intracellular cAMP. In agreement, the response to PGE 2 was abolished by H-89, an inhibitor of PKA. To confirm the expression of players in this signaling pathway in MDCK cells, immunoblot analyses for EP2 and CREB were performed. As shown in Fig. 6C , both the putative upstream (EP2) and downstream (CREB) signaling molecules are expressed in these cells under isotonic and hypertonic conditions. Accordingly, the presence of functional cAMP-PKA signaling in response to PGE 2 has been demonstrated recently (33) . 2 . The above observations are compatible with the view that the positive feedback effect of PGE 2 on COX-2 is conveyed by PKA-mediated activation of CREB with subsequent stimulation of CRE, thereby enhancing COX-2 transcription. Particularly, signaling through both NF-B and CREB is involved in COX-2 induction in response to various stimuli (8, 23, 44, 47) . To identify the pathway involved in the present study, activation of these signaling pathways was assessed in MDCK cells stably transfected with reporter gene constructs driven by NF-B or CRE sites, respectively. CRE-driven reporter activity under the individual conditions is shown in Fig. 7A . In the absence of PGE 2 , no difference in CRE-driven reporter activity was evident by raising the medium osmolality from 300 to 500 mosmol/ kgH 2 O. PGE 2 , added under isotonic conditions, enhanced reporter activity about fivefold, whereas addition of PGE 2 to hypertonic medium increased reporter activity 15-to 17-fold compared with isotonic controls. In general, reflecting the effects observed on COX-2 expression, CRE-driven reporter activity was not affected by AH-23848 but diminished by the EP2 antagonist AH-6809 and the PKA inhibitor H-89. Forskolin, as well as dibutyryl-cAMP, enhanced reporter activity comparably to PGE 2 (Fig. 7A) . In contrast to the CRE-driven construct, hyperosmolality in the absence or presence of PGE 2 caused no significant changes in reporter activity in MDCK cells transfected with a reporter construct under the control of a NF-B site (Fig.  7B) . Although COX-2 is not a known TonEBP target gene, the impact of PGE 2 on TonE-stimulated reporter activity was additionally investigated. In MDCK cells stably transfected with a TonE-driven reporter vector, hypertonicity elicited a robust increase in reporter gene expression, as expected; however, this response was not further stimulated by PGE 2 (Fig. 7C) .
Role of the CREB-CRE pathway in stimulation of COX-2 induction by PGE
To directly address the stimulatory effect of PGE 2 on COX-2 expression at the promoter level, a portion of the canine COX-2 promoter was cloned from MDCK cells. In the resulting construct, the SEAP gene is driven by a Ϫ825 to ϩ1 canine COX-2 promoter fragment. Under hypertonic conditions, reporter activity was only moderately increased com- Fig. 7 . Effect of PGE2 on CRE, nuclear factor (NF)-B, and tonicity-responsive element (TonE) reporter activity. MDCK cells transfected stably with reporter constructs driven by cAMP-responsive element (CRE), NF-B, or TonE sites were treated for 24 h as indicated. Subsequently, relative reporter activity was determined as described in METHODS. A: MDCK cells, stably transfected with a CRE-driven reporter construct were exposed to isotonic medium (300 mosmol/kgH2O) or hypertonic medium (500 mosmol/kgH2O by NaCl addition) in the presence of 5 M PGE2 or vehicle ethanol (vehicle). In experiments with pharmacological inhibitors, AH-23848 (30 M), AH-6809 (10 M), or H-89 (20 M) were added 30 min before addition of PGE2. In some experiments, the cells were treated with 10 M forskolin (forskolin) or 1 mM dibutyryl-cAMP (dibutyryl-cAMP) under hypertonic conditions as indicated. Values are means Ϯ SE for n ϭ 2-5. *P Ͻ 0.05 vs. NaCl; #P Ͻ 0.05 vs. NaClϩPGE2. B: MDCK cells, stably transfected with a NF-B-driven reporter construct, were incubated in iso or hypertonic (500 mosmol/ kgH2O by NaCl addition) conditions in presence of 5 M PGE2 (NaClϩPGE2) or vehicle ethanol (NaClϩvehicle). As positive control, the cells were exposed to 100 ng/ml tumor necrosis factor-␣ (TNF-␣). Values are means Ϯ SE for n ϭ 3-6. *P Ͻ 0.05 vs. all other conditions. C: MDCK cells, stably transfected with a TonE-driven reporter construct were incubated in iso or hypertonic (500 mosmol/kgH2O by NaCl addition) medium in the presence of 5 M PGE2 (NaClϩPGE2) or vehicle ethanol (NaClϩvehicle). Values are means Ϯ SE for n ϭ 4. *P Ͻ 0.05 vs. iso. pared with isotonic conditions, whereas addition of PGE 2 further significantly enhanced reporter activity (Fig. 8A) . The reason for the minor degree of induction compared with the induction at the mRNA and protein level may be caused by regulatory elements upstream of Ϫ825 that are required for full transcriptional activation during osmotic stress. Accordingly, reporter activity under hypertonic conditions in the present experiments was in the same range as in a previous study by Yang et al. (49) .
A database search revealed the presence of a putative CRE at bp Ϫ78 to Ϫ74 in the canine COX-2 promoter. To investigate the contribution of this CRE to the stimulatory effect of PGE 2 on COX-2 expression, the respective sites were deleted by site-directed mutagenesis. In MDCK cells transfected with the CRE-deleted construct, reporter activity was elevated to the same extent as with the wild-type promoter under hypertonic conditions, whereas no further increase was evident in the presence of PGE 2 (Fig. 8B ). These observations suggest that CRE signaling mediates the stimulatory effect of PGE 2 on COX-2 induction during osmotic stress.
In summary, the above findings favor a cAMP-PKA-CREBdependent pathway that mediates enhanced COX-2 expression in the presence of PGE 2 . To test this hypothesis directly, MDCK cells were transfected with wild-type or dominantnegative CREB (KCREB) (45) . As demonstrated in Fig. 9A , in cells transfected with wild-type CREB, tonicity-induced COX-2 protein expression was further significantly increased by PGE 2 . This effect was however abolished in MDCK cells transfected with dominant-negative CREB, further strengthening the concept that the stimulatory effect of PGE 2 likely relies on an EP2-cAMP-PKA-CREB-dependent pathway. The latter experiments were performed with stably transfected MDCK cells. To exclude any bias by selecting and expanding single cell clones, the experiment was repeated in transient transfection assays, i.e., MDCK cells were electroporated with the respective expression constructs. Immunoblot analysis with an antibody that detects both wild-type CREB and KCREB showed substantially higher immunoreactivity in electroprated cells compared with nontransfected cells, suggesting efficient gene delivery (Fig. 9C) . Regarding COX-2 expression under the various experimental conditions, essentially the same results were obtained as in stably transfected cells (Fig. 9B) , supporting the notion that CREB-CRE signaling indeed mediates the positive feedback effect of PGE 2 on COX-2.
Effect of PGE 2 on biochemical indices of apoptosis during osmotic stress. MDCK cell were subjected to hypertonic medium (650 mosmol/kgH 2 O by NaCl addition) for 12 h. After this period, the cells were processed for measurement of caspase-3 activity. As demonstrated in Fig. 10 , caspase-3 activity was 8-to 10-fold higher under hypertonic conditions than in cells kept at 300 mosmol/kgH 2 O. Tonicity-induced increase in caspase-3 activity was however reduced significantly in the presence of PGE 2 , forskolin, or dibutyryl-cAMP. Conversely, EP2 antagonism with AH-6809 as well as H-89 diminished the protective effect of PGE 2 , whereas the EP4 antagonist AH-23848 had no significant effect (Fig. 10) .
Phosphorylation of pro-apoptotic Bad by PGE 2 . Bad is a pro-apoptotic member of the Bcl-2 family that promotes cell death by binding to and inactivating anti-apoptotic Bcl-xL and Bcl-2. This pro-apoptotic activity of Bad is inhibited by PKAmediated phosphorylation at Ser155 (9, 27, 53) . Because phosphorylation at Ser155 disrupts the binding of Bad to prosurvival Bcl-2 proteins, thereby blocking apoptosis, this event might provide a potential explanation for the protective effect of PGE 2 during osmotic stress. To address this hypothesis, phosphorylation of Bad at Ser155 was assessed by immunoblot analysis. As evident from Fig. 11 , Ser155-phosphorylated Bad protein was readily detectable in cells exposed to elevated ambient tonicity, but phosphorylation was considerably higher when PGE 2 was added to the hypertonic medium. This effect was mimicked by forskolin and blunted by the PKA inhibitor H-89. Total Bad protein abundance appears to be unchanged during the several treatments. In summary, PGE 2 promotes Bad phosphorylation at Ser155 in a cAMP-PKA-dependent pathway, which correlates with reduced caspase-3 activity during osmotic stress.
Expression of COX-2 in the renal medulla. Although MDCK cells are frequently used as a model system for medullary collecting duct cells, the expression of COX-2 in the latter cells has been inconsistently demonstrated in the literature. To confirm the physiological relevance of the findings presented in the previous sections, intramedullary COX-2 expression was determined by immunohistochemistry on the kidneys of adult Wistar rats with free access to water. In the renal papilla, COX-2 immunoreactivity was most prominent in medullary A: MDCK cells were transfected with reporter vector under control of a Ϫ825 to ϩ1 fragment of the canine COX-2 promoter. Subsequently, the cells were incubated for 24 h in iso or hypertonic medium (500 mosmol/kgH2O by NaCl addition) in the presence of 5 M PGE2 (NaClϩPGE2) or only vehicle ethanol (NaClϩvehicle) before determination of reporter activity. Values are means Ϯ SE for n ϭ 6 -1. *P Ͻ 0.05 vs. NaClϩvehicle. B: MDCK cells were transfected with the COX-2 promoter-driven reporter construct as described in A, in which a putative CRE at bp Ϫ78 to Ϫ74 was deleted. Subsequently, the cells were treated as in A and processed for analysis of reporter activity. Values are means Ϯ SE for n ϭ 6 -10.
interstitial cells, whereas inner medullary collecting duct (IMCD) cells exhibited no or only very faint staining (Fig. 12,  A and B) . These findings are consistent with previous studies addressing the cellular localization of COX-2 in the renal inner medulla (13, 50) , although COX-2 expression was also detected in IMCD cells in water-deprived rats (49) . In the outer medulla, COX-2 immunoreactivity was localized specifically in outer medullary collecting duct cells, whereas other tubular epithelial cells and interstitial cells showed no or only minimal COX-2 immunoreactivity (Fig. 12, C and D) . Immunostaining for COX-2 was also evident in the initial part of the IMCD (Fig. 12C) . Thus the MDCK cell model that we used in the present study appears at least adequate in the context of OMCD cells, in addition, a functional relevance of the proposed positive feedback effect of PGE 2 on COX-2 expression is conceivable in IMCD cells.
DISCUSSION
COX-derived prostanoids exert multiple essential functions within the kidney. In the renal medulla, locally produced PGE 2 reduces sodium and water reabsorption in the medullary thick ascending limb and the collecting duct, respectively, effects that are mediated in an autocrine/paracrine manner (18, 21) . Moreover, PGE 2 dilates descending vasa recta, thereby buffering the constrictor effects of ANG II, AVP, and catecholamines during physiological stress, an action that is vitally important to prevent hypoxic damage to renal medullary cells (39) . In contrast to most other tissues, COX-2 is constitutively expressed in the renal medulla and is induced further by dehydration when the urinary concentrating mechanism is stimulated (49) . The relevance of renomedullary COX-2-derived PGE 2 is underscored by the observation that selective COX-2 inhibitors are associated with renal side effects similar to those observed with traditional nonselective nonsteroidal anti-inflammatory drugs (14, 40) .
We have demonstrated recently that PGE 2 favors the adaptation of renal medullary cells to elevated ambient tonicities as present in the renal papilla during antidiuresis (25, 37) . In addition to the enhanced expression of several osmosensitive genes (37), COX-2 was induced even more vigorously in response to hypertonicity in the presence of PGE 2 following a nearly gradual increase in ambient tonicity (37) . Consistent with this finding, corresponding observations were evident in the present experiments, where a step increase in extracellular osmolality was employed ( Figs. 1 and 2 ). In aggregate, these findings confirm the existence of a positive feedback loop of PGE 2 on COX-2 expression during osmotic stress. The present study thus aimed to characterize this phenomenon in more detail and to delineate the underlying signaling pathways and the functional relevance of this observation.
PGE 2 substantially increased tonicity-induced COX-2 mRNA and protein expression and activity, an effect that appears to depend on signaling through EP2 receptors with subsequent formation of cAMP and activation of PKA (Figs. 1-3) . Both types of G ␣s -coupled EP receptors, i.e., EP2 and EP4, have been detected in MDCK cells (26, 38) . Although the precise cellular localization of EP2 receptors in the kidney is not well defined, EP2 mRNA has been detected in the inner and outer medulla of the rat kidney but not in the cortex (19, 20) . Furthermore, mice with targeted disruption of the EP2 receptor develop salt-sensitive hypertension, suggesting that EP2 plays an important role in the renal medulla (22) . In contrast to the intrarenal distribution of EP2, EP4 is expressed abundantly in glomeruli but is not detected in the renal medulla (5). Consistently, in the present study, both the EP2 antagonist AH-6809 and the PKA inhibitor H-89 blunted the stimulatory effect of PGE 2 on COX-2 expression, whereas the EP4 inhibitor AH-23848 had no significant effect (Fig. 6) . Conversely, the cAMP mimetics forskolin and dibutyryl-cAMP potently enhanced COX-2 expression under hypertonic conditions (Fig. 6) . However, we did not address the effect of EP2 or EP4 inhibition in the absence of exogenously added PGE 2 in the present study nor did we examine the effect selective COX-2 inhibitors. Thus we cannot delineate the role of endogenously produced PGE 2 in MDCK cells nor can be completely excluded that alternative pathways or interactions with members of other signaling cascades are involved in the observed effects. cAMP exerts a multitude of biological actions and additional effectors of cAMP other than PKA have been identified (15) . Thus our primarily inhibitor-based approach does not completely rule out the possibility that signaling events distinct from the classical G s -coupled receptor-cAMP-PKA-CREB pathway contribute to the stimulatory effect of PGE 2 on COX-2 expression during osmotic stress. Nevertheless, the most likely explanation for the observed effects is activation of the classical cAMP-PKA signaling cascade, which is in agreement with previous findings in a murine intestinal polyposis model (41) . In the latter investigation, COX-2 expression was boosted by PGE 2 , acting through EP2 receptors and elevation in intracellular cAMP levels in a positive feedback loop (41). In some experiments, the cells were exposed to 10 M forskolin or 1 mM dibutyryl-cAMP under hypertonic conditions as indicated. After 12 h, caspase-3 activity was determined as described in METHODS (expressed as pmol pNA liberated per hour per g protein). Values are means Ϯ SE for n ϭ 3-4. *P Ͻ 0.05 vs. PGE2; #P Ͻ 0.05 vs. NaCl and vehicle.
Although the present data support a role of cAMP-PKA signaling in COX-2 expression and cell survival under hypertonic conditions, other studies failed to detect activation of PKA in IMCD cells (28) and stimulation of cAMP production in HepG2 cells (10) in response to hypertonicity. Nevertheless these findings are consistent with the present observations that osmotic stress only negligibly increases CRE-driven reporter activity in the absence of exogenous PGE 2 , whereas the latter is robustly enhanced in the presence of PGE 2 (Fig. 7A ). These observations may either relate to different cell types used, or even of greater importance, that PGE 2 may be more readily available for renal medullary cells in an auto-/paracrine manner in the local cellular environment in the renal medulla in situ and that cell culture systems represent a simplification of the complex in vivo situation. Although MDCK are frequently used to address cellular and molecular aspects in osmoadaptation of renal medullary cells, their precise origin is unknown, which may represent a limitation of the present study. In addition, we did not evaluate the effect of endogenously produced PGE 2 or the effect of EP2 and EP4 inhibitors in the absence of exogenous PGE 2 , which may represent a further limitation.
Several consensus elements including those for NF-B and CRE have been identified as regulatory sequences in the promoter region of COX-2 from various cell types from different species that are involved in COX-2 induction during cell stress (47, 48) . In MDCK cells transfected with a CRE-driven reporter construct, reporter gene expression closely correlated with COX-2 abundance under the various experimental conditions (Fig. 6A) , which was not the case in cells transfected with a reporter construct under control of a NF-B site (Fig. 6B) . A functional contribution of CREB-CRE signaling is further supported by the observation that deletion of a potential CRE in the canine COX-2 promoter abolishes the stimulatory effect of PGE 2 (Fig. 8) , which was also the case after transfection with dominant-negative CREB (Fig. 9) . Interestingly, under isotonic conditions, PGE 2 was not sufficient to enhance COX-2, despite robust induction of CRE-driven reporter activity (Fig. 7A ). These observations indicate that additional signaling pathways that are activated during osmotic stress (i.e., p38, ERK1/2) are required for stimulation of COX-2 expression under hypertonic conditions, as previously suggested by findings of our group and others (25, 52) .
Furthermore, PGE 2 significantly attenuated biochemical indices of apoptosis as shown for caspase-3 activity in MDCK cells exposed to tonicities that are found routinely in medulla of the concentrating kidney (3). Again, this effect could be blunted by EP2, but not EP4 antagonism, and by PKA inhibition, whereas the effect of PGE 2 could be reproduced by forskolin and dibutyryl-cAMP (Fig. 10) , supporting the existence of an EP2-cAMP-PKA-dependent pro-survival mechanism that is activated by PGE 2 . Interestingly, a corresponding mechanism has been described recently in gamma radiationmediated apoptosis in mouse intestine and UVB-induced apoptosis in mouse skin (6, 16) . Notably, both irradiation and hyperosmolality entail structural DNA damage, including double-strand breaks (11) . In UVB-induced apoptosis in mouse skin, COX-2-derived PGE 2 inhibited apoptosis via an EP2-cAMP-PKA-dependent pathway, a response mediated by phosphorylation of the pro-apoptotic protein Bad (6) . Bad belongs to a family of proteins regulating survival factor/apoptosis checkpoints in the cellular death machinery, which either promote survival (e.g., Bcl-2, Bcl-xL), or apoptosis (e.g., Bad, Bak) (9) . Activated PKA phosphorylates Bad at Ser155, which inactivates the pro-apoptotic function of Bad by impeding the cytotoxic interaction of Bad with anti-apoptotic Bcl-2 and Bcl-XL proteins at the mitochondrial membrane (9, 53) . This mechanism is of particular importance for survival factors acting through their cognate cell surface receptors and appears to be crucial in epithelial cells (24, 43) . In MDCK cells, overexpression of Bad has been shown to increase caspase-3 activity, which was diminished by phosphorylation of Bad (17) . These findings are in good agreement with the present results demonstrating that Bad is phosphorylated at Ser155 in the presence of PGE 2 and forskolin, known activators of PKA, whereas PGE 2 -induced Bad phosphorylation is prevented by PKA inhibition with H-89 (Fig. 11) . Notably, Bad phosphorylation was associated with reduced caspase-3 activity during osmotic stress, whereas pharmacological inhibition of the EP2-cAMP-PKA axis significantly increased caspase-3 activity (Fig. 8) . Although the present data are consistent with an anti-apoptotic mechanism related to phosphorylation of Bad, they do not establish a causal role of the proposed mechanism in the present model.
In conclusion, the present study demonstrates that the major medullary prostanoid, PGE 2 , increases tonicity-induced COX-2 expression and activity in a positive feedback loop that likely involves signaling through a PGE 2 -EP2-cAMP-PKA-CREB-CRE-dependent pathway. In addition, activation of this mechanism prevents biochemical indices of apoptosis during osmotic stress, suggesting that this pathway is relevant during osmoadaptation of renal medullary cells. Finally, PGE 2 causes PKA-dependent phosphorylation of pro-apoptotic Bad, coinciding with reduced apoptotic indices, thereby providing a possible mechanistic link for the prosurvival effect of PGE 2 under hypertonic conditions.
